The removal of Zn(II) ions from aqueous solution was studied using natural, thermally-activated and acid-activated kaolinite samples at different temperatures. The linear Langmuir, Freundlich and DubininRadushkevich (D-R) adsorption equations were applied to describe the equilibrium isotherms. The Langmuir constants for natural kaolinite were found to be negative whereas, for the other samples, the isotherm models gave a good fit. In addition, the pseudo-first-order and pseudo-second-order models were used to determine the kinetic data. The experimental data were well fitted by the pseudo-second-order kinetic model. Thermodynamic parameters such as the enthalpy (∆H 0 ), Gibbs' free energy (∆G 0 ) and entropy (∆S 0 ) were calculated for natural, thermally-activated and acid-activated kaolinite. These values showed that the adsorption of Zn(II) ions onto activated kaolinite was controlled by a physical mechanism and occurred spontaneously. The process of adsorption was favoured at high temperatures, with the adsorption capacity of the acid-activated kaolinite being greater relative to that of natural and thermally-activated kaolinite at various temperatures.
INTRODUCTION
Wastewater generated by industrialization may include various heavy metal ions which are poisonous to humans. When their quantities are greater than a specific limit, such heavy metal ions are not only dangerous to living organisms but also have a tendency to accumulate in Nature because they are not biodegraded. Of these heavy metal ions which occur in industrial wastewater, Zn(II) ions stand out since they are generated by industries such as mineral extraction, metal plating and battery producing (Fan et al. 2008; Ucun et al. 2009; Tang et al. 2009 ). Zinc occurs in the list of primary contaminant elements proposed by the U.S. Environmental Protection Agency (EPA), since it has caused serious poisoning events. The main indications of zinc poisoning are desiccating muscles, imbalance of electrolytes, stomach ache, vertigo and disharmony (Veli and Alyuz 2007) . Heavy metal ions which are dangerous to health can be removed from wastewater by known physicochemical methods (Lin and Juang 2002) . Widely used methods to remove inorganic and organic wastes which cause environmental pollution and harm human health involve chemical precipitation, membrane filtration, ion exchange, coagulation and adsorption (Bhattacharyya and Sen Gupta 2008; Orhan and Buyukgungor 1993) . Of those listed, adsorption is widely used because of its high efficiency in the removal of heavy metal ions. Such ions, organic pigments (Nandi et al. 2009 ), radioactive elements (Boult et al. 1998; Rameback et al. 2000) and materials employed in the adsorption of non-ionic pollutions and paint (Espantaleon et al. 2003) are removed by adsorbents such as natural zeolite (Kocasoy 1999) , bentonite (Abollino et al. 2003; Rauf and Tahir 2000) , diatomite (Al-Degs et al. 2001) and kaolinite (Sari et al. 2007; Adebowale et al. 2006; Yavuz et al. 2003; Coles and Yong 2002) .
Kaolinite is formed from aluminium silicate [Al 2 Si 2 O 5 (OH) 4 ] minerals which are largely found in soil components that are available worldwide. It is a type 1:1 clay mineral which contains tightly closed plates. The potential adsorption sites on kaolinite include silanol, ≡SiOH, and aluminol, ≡AlOH, and hydroxy groups on the mineral edges and permanently-charged sites, ≡X -, on the basal surfaces (Gu and Evans 2008) . Kaolinite can have different charge values according to the interaction between the ions present in aqueous solution and the surface groups which are located on the corners or on the gibbsite basal plates (Ma and Eggleton 1999) . At high pH values, it principally forms SiO in surface complexes, with the silanol groups present on the crystal corners of the kaolinite mainly ionizing to form negatively charged groups (Coppin et al. 2002) .
The aluminol groups situated on the mineral edges are amphoteric and form AlOH 2+ and AlO -surface complexes as a result of protonation at low pH values and deprotonation at high pH values. Protonation and deprotonation reactions on the edges of kaolinite result in positively-or negatively-charged edge sites. Nevertheless, some workers have stated that the negative charges are not solely associated with oxide types, since it is possible for some negative charges to be situated in the vacancies in the structure generated by decomposition of the aluminium present in the mineral (Shahwan et al. 2005) . Earlier modelling studies suggested that transition metal ions can adsorb at permanent-and/or variably-charged sites (Srivastava et al. 2005) . At variably-charged sites, unidentate inner-sphere complexes of the form SiOMOH and bidentate inner-sphere complexes of the stoichiometry (Si-O) n -M may be formed via the reactions (Yavuz et al. 2003) :
The clay surface may also be negatively charged, providing adsorption sites for metal ions. Permanent negatively-charged sites on kaolinite surfaces arise from isomorphous substitution, although these sites are generally much less abundant than edge sites. These permanent charges are neutralized by the adsorption of cations from the background electrolyte to form outer-sphere complexes (Gu and Evans 2008) :
where M 2+ represents the metal cation, X -is a permanent negatively-charged site and X 2 M is an outer-sphere complex in the model of Srivastava et al. (2005) .
Kaolinites, whose surface characteristics have been changed by acid treatment and/or thermal activation, are extensively used in industrial process. It is well known that some physicochemical characteristics, such as the surface area and pore volume of kaolinite activated by inorganic acids, can be restored. Acid treatment of kaolinite has been shown to create enhanced mesoporosity accompanied by important textural and structural changes (Koyuncu et al. 2007 ). In addition, thermal treatment causes the crystalline structure of kaolinite to be transformed into amorphous meta-kaolinite (Suraj et al. 1998; Koyuncu et al. 2007) . The loss of water molecules, which causes the structural changes in kaolinite with increasing temperature, will affect the specific surface area and adsorption capacity of kaolinite (Tekin et al. 2005 (Tekin et al. , 2006 Sabah et al. 2002) . The aim of the present investigation was to study the sorption mechanism of Zn(II) ions onto natural, thermally-activated and acid-activated kaolinite, and to determine the equilibrium and kinetic parameters of the process. With this aim in mind, sorption isotherms have been measured at different temperatures and the Langmuir, Freundlich, Dubinin-Radushkevich (D-R) model parameters and the thermodynamic parameters determined. Pseudo-first-order and pseudosecond-order kinetic mechanisms were applied in order to describe the adsorption mechanism and the characteristic constants of the adsorption process.
MATERIALS AND METHODS

Materials
The kaolinite sample KS 1 (Ukraina) was obtained from Eczacıbaşı Co. in Turkey. The chemical constituents of the kaolinite were determined by X-ray fluorescence (XRF) methods and are listed in Table 1 . All the chemicals employed were analytically pure and experiments were conducted using Zn(II) salt solutions. For this purpose, a stock solution containing 1000 mg/ᐉ Zn(II) ions was prepared by dissolving the appropriate amount of Zn(NO 3 ) 2 (Merck) in 1 ᐉ of doubly distilled water.
Sample preparation
The principal aim of the experiments was to activate natural kaolinite by thermal and acidic means, thereby increasing its surface area and changing its physicochemical characteristics. For this purpose, advantage was taken of the methods described by Koyuncu et al. (2007) . A reactor constructed of Pyrex glass, attached to a back cooler and positioned on a Chiltern hotplate magnetic stirrer HS 31 was used for acid activation. Thus, 50 mᐉ of 3 N HCl were added slowly to 30 g of kaolinite contained in the reactor, and the resulting mixture held for ca. 5 h at the boiling point (~ 378 K) with continuous stirring. After this time, the reaction products were decanted and any traces of acid remaining in the solid removed by washing 15 times with distilled water. The presence of any Cl -ions present in the wash solution was checked at the end of each washing process by means of silver acetate solution. Finally, the sample was centrifuged at 4500 rpm for 5 min in a MSE Mistral 2000 apparatus and then stored for 24 h in a Philip Harris Ltd. oven at 373 K to remove any traces of water. After such drying, the resulting aggregated solid was ground by means of a mortar and pestle and the resulting samples stored in desiccators after being sifted through a 235 mesh sieve.
Thermal activation was effected by heating 30 g of natural kaolinite in a Philip Harris Ltd. oven at 873 K for 24 h and cooling the resulting samples, which were then stored in a desiccator. Again, the resulting aggregated solid was ground as above and sifted through a 235 mesh sieve. The temperature used for thermal activation was in general agreement with that reported in the literature (Koyuncu et al. 2007; Bhattacharyya and Sen Gupta 2008) ; further heating at higher temperature could lead to calcination and result in the complete dehydroxylation of the aluminosilicate lattice.
Methods
The adsorption characteristics of Zn(II) ions were examined by mixing 0.1 g of the original kaolinite sample, the thermally-activated or the acid-activated sample with 10 mᐉ of Zn(NO 3 ) 2 solutions whose initial concentrations (C i ) were 5 mg/ᐉ, 15 mg/ᐉ and 25 mg/ᐉ, respectively. The resulting mixtures were shaken in a thermally-controlled automatic shaker at 110 rpm at temperatures of 298 K, 303 K and 313 K for different time periods until equilibrium conditions were attained. The concentrations of the ions remaining in the aqueous solutions after adsorption were measured via a Solaar AA M series v1, 23 model atomic absorption spectrophotometer.
The pore-size distributions of the original and activated kaolinite samples were determined using a Quantachrome NOVA 2200 series volumetric gas adsorption instrument. Such determinations were based on measurements of the corresponding nitrogen adsorption isotherms at 77 K. Prior to these measurements, any moisture and gases such as nitrogen and oxygen adsorbed onto the solid surfaces of the samples or held in open pores were removed heating under reduced pressure at 423 K for 5 h.
X-Ray diffractograms of the original and activated kaolinite samples were obtained via a Phillips PW 1830-40 instrument, while their cation-exchange capacities (CECs) were determined using the Methylene Blue test (ANSI/ASTM C837-76) (Koyuncu et al. 2007) . Measurements of the pH values of the natural and activated kaolinite suspensions were determined using a WTW pH meter.
Equilibrium adsorption studies
Initial experiments showed that the time period necessary for equilibrium to be attained in the Zn(II) ion/kaolinite systems was 120 min, since after this time the amount of metal ions adsorbed did not change significantly with time. Optimum conditions for the adsorption process were ascertained by studying the various parameters influencing the same. Thus, it was established that the adsorption capacity changed according to the initial concentration of the Zn(II) ion solution employed, the length of stirring and the temperature. In such equilibrium studies, it is essential to determine the adsorption capacity of the adsorbent and, especially, to define the adsorption isotherm constants that are important in clarifying the surface characteristics of the adsorbent. In the present work, these studies were undertaken using the batch adsorption technique. The quantity of Zn(II) ions adsorbed per unit amount of adsorbent (q e ) was calculated from the relationship: (1) where C i is the initial concentration of the Zn(II) ion solution, C e is the concentration of Zn(II) ions present at equilibrium (mg/ᐉ), V is the volume of the solution (ᐉ) and m is the mass of adsorbent employed (mg).
Kinetic adsorption studies
For such studies, 0.1 g of natural, thermally-activated or acid-activated kaolinite were shaken with 10 mᐉ of a Zn(II) ion solution of a known initial concentration. Samples were taken from the solution at known time intervals over a total period of 120 min, viz. the time necessary to achieve equilibrium, and analyzed by atomic absorption spectrophotometry. Adsorption experiments were conducted using three different initial concentrations of Zn(NO 3 ) 2 solution, viz. 5, 15 and 25 mg/ᐉ, respectively. The amounts of Zn(II) ions adsorbed at various time periods (q t ) were calculated via equation (2): (2) where C t is the concentration of Zn(II) ions present in the aqueous solution after t min. All other quantities in this equation have the same meanings as in equation (1).
Equilibrium adsorption isotherm models
In this study, the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherms were applied to describe the equilibrium between adsorbed Zn(II) ions and those remaining in the aqueous solution. The Langmuir isotherm equation is valid for monolayer sorption onto a surface containing a finite number of identical sorption sites, and may be described in the linear form by the relationship (Fan et al. 2008) : (3) where q e (mg/g) and C e (mg/ᐉ) are the amounts adsorbed and remaining in solution at equilibrium, respectively, V m is the monolayer capacity and K L is the equilibrium constant which can be determined via the linearized Langmuir isotherm.
The Freundlich equation is a purely empirical relationship based on sorption onto a heterogeneous surface. Its linear form is commonly represented as:
Although this equation was initially derived for adsorption from solution, it can also be used for adsorption from the gaseous or vapour phase, employing pressures rather than concentrations. In this equation, K F [(mg/g)(mg/ᐉ) n ] and n are the Freundlich constants related to adsorption capacity and adsorption intensity, respectively (Fan et al. 2008) .
However, neither the Langmuir nor the Freundlich isotherms are capable of clarifying the physical and chemical characteristics of a given adsorption process. This arises because the adsorption potential of small pores -where much of the adsorption capacity occurs -is very high. For this reason, the pores in a given solid material are filled in order with adsorbate, commencing with the smallest (micropores) and proceeding via mesopores to the largest (macropores). Since it is considered that the amount of adsorbed substance capable of filling the micropores is only sufficient to cover a monolayer, the monolayer capacity may be taken as the amount of adsorbate necessary to fill the micropores.
A more general isotherm than that of Langmuir is the D-R isotherm because it does not assume a homogeneous surface nor a constant sorption potential. The D-R equation (Dubinin 1960) may be written as: (5) where q e is the amount of Zn(II) ions removed by unit amount of clay (mg/g), V
′ m is the D-R adsorption capacity (mg/g), K ′ DR is the constant related to the adsorption energy (mol 2 /kJ 2 ) and ε is the Polanyi potential (kJ/mol). This latter quantity may be written as: (6) where R is the gas constant [kJ/(mol K)] and T′ is the temperature (K).
The sorption energy, E (kJ/mol), provides information about the physicochemical characteristics of the adsorption process. If the magnitude of E lies between 8 and 16 kJ/mol, adsorption occurs via a chemical ion-exchange process, while for values of E < 8 kJ/mol the sorption process is of a physical nature (Fan et al. 2008) . The mean free energy for adsorption, E -, may be written as: (7) 2.6. Kinetic adsorption isotherm models
Pseudo-first-order kinetic equation
This well-known kinetic equation was first extensively employed by Ho and McKay (1999) and may be expressed as:
where q e and q t are the amounts of solute adsorbed per unit amount of adsorbent at equilibrium and any time, t, respectively (mg/g) and k 1 is the pseudo-first-order rate constant (min -1
). Integrating equation (8) employing the boundary conditions that at t = 0, q t = 0, and that at t = t, q t = q t , the linear form of the equation becomes:
ln(q e -q t ) = ln q e -k 1 t
The adsorption rate constant, k 1 (min -1 ), can be obtained from the slope of the linear plot of ln(q e -q t ) versus t.
Pseudo-second-order equation
The pseudo-second order kinetic equation is:
where k 2 is the pseudo-second-order rate constant [g/(mg min)]. On integration, employing the conditions that at t = 0, q t = 0 and that at t = t, q t = q t , this equation can be re-arranged to give the linear form:
The plot of t/q t versus t gives a linear relationship, which allows the values of q e and k 2 to be computed.
Thermodynamic parameters
The thermodynamic behaviour of Zn(II) ion adsorption onto natural and activated kaolinite was evaluated employing the following equations:
where K d is the coefficient for the distribution of the solute between the adsorbent and the solution at equilibrium (q e /C e ), which can be obtained from the Langmuir isotherms for different temperatures, R is the ideal gas constant, T is the temperature (K) and ∆G 0 is the change in the Gibbs' free energy. Similarly,
where ∆H 0 is the enthalpy change and ∆S 0 is the entropy change in a given process. Equations (12) and (13) can also be expressed in a linearized form involving K d and 1/T as: (14) 3. RESULTS AND DISCUSSION 3.1. Sample characterization X-Ray diffraction spectra of the natural, thermally-activated and acid-activated kaolinites are depicted in Figure 1 . It will be seen that the patterns obtained for the original kaolinite and its acidactivated form were similar, indicating that no serious changes occurred in the clay structure as a result of acid activation. On heating the kaolinite to 873 K, all the peaks visible in the kaolinite diffractogram disappeared, indicting that the sample had been transformed into amorphous metakaolinite (Koyuncu et al. 2007 ).
Measurements of pore sizes and pore-size distributions are important if a material is to be fully characterized. Figure 2 compares the change in the pore-size distribution for the original and activated kaolinite samples. The corresponding plots indicate that the ratio dV/dr (i.e. the ratio of the change in volume to the change in radius) for the samples calcined at 873 K decreased slightly relative to the situation with the raw sample. On acid activation, the dV/dr ratio tended to increase. Generally, it may be stated that the distribution of particles with smaller pore radii decreased in the calcined sample whereas the acid-activated form showed the reverse trend (Suraj et al. 1998) . All the samples exhibited a mainly mesoporous structure with the maximum differential pore volume for the natural kaolinite occurring at ca. 34.5 Å, while the corresponding maximum for the thermally-activated sample occurred at 39 Å (Koyuncu et al. 2007) .
Cation-exchange capacity (CEC) measurements were carried out on the thermally-activated, natural and acid-activated kaolinites in order to assess their ability to exchange ions from the aqueous phase. The corresponding values were found to be 5, 8.5 and 9 mequiv/100 g, respectively. The observed decrease in the CEC value of the thermally-activated kaolinite indicates the reduced number of exchangeable sites brought about by dehydroxylation during thermal treatment. Indeed, some of the reduced CEC for this sample could be due to collapse of its structure at high temperature. In contrast, the acid-activated sample showed an enhanced value for the CEC which is in accord with data reported previously (Koyuncu et al. 2007) . The pH values of aqueous suspensions of the original, thermally-activated and acid-activated kaolinite samples were determined as 6.08, 5.2 and 3.99, respectively.
Adsorption of Zn(II) ions onto kaolinite samples
The solubility product for Zn(II) ions indicates that precipitation of Zn(OH) 2 will occur at pH > 8. Zinc(II) occurs predominantly as Zn 2+ ion species up to a pH of ~ 7.5, but at higher pH values their ) and thereafter on variably-charged sites in the system. For kaolinite suspensions with no added metal ions, the assumed surface reactions involve ion exchange between H + and Na + on the permanently-charged sites (X -), together with protonation and deprotonation of the variablycharged (Si-OH) sites. In the presence of metal ions, a bidentate exchange reaction would account for sorption below pH 6.5, whereas reactions involving surface complexation with hydroxy groups are required to model the adsorption of metal ions at higher pH. In particular, the occurrence of the pH edge for the adsorption of Zn(II) ion at a pH value of ca. 6.0-6.5 is thought to result from the initial uptake of metal ions at a low pH onto exchange sites on the kaolinite surface prior to complexation with hydroxy edge sites at higher pH values. For Zn(II) ions, the formation of a surface complex of the form SiO 2 -M becomes important above pH 7.0. Because of their lower tendency to form hydrolysis products, Zn(II) ions do not compete effectively for the variablycharged sites, so their adsorption is more restricted to permanently-charged sites (Srivastava et al. 2005 ). As mentioned above, in the present study, the measured pH values of the natural and activated kaolinites were all below 6.5. Since permanent negatively-charged sites occur on kaolinite surfaces because of isomorphous substitution, it follows that cation exchange would be the dominating process at these pH values (Auboiroux et al. 1996) . However, adsorption at permanent negatively-charged sites predominated up to pH 7.3 for Zn(II) ions. This indicates that the X 2 M surface species in this case is an outer-sphere complex (Srivastava et al. 2005) .
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The effects of the initial solution concentration on the adsorption of Zn(II) ions onto natural, thermally-activated and acid-activated kaolinite is shown Figure 3 , where the initial Zn(II) ion concentrations employed were 5, 15 and 25 mg/ᐉ, respectively. The amount of Zn(II) ions adsorbed (q e ) was calculated from the experimental data via equation (1). As can be seen from the figure, the adsorption capacities of the natural and activated kaolinites towards Zn(II) ions increased linearly with increasing initial concentrations of these ions, suggesting that at some point the pores of clay minerals would be completely filled. During the possible ion-exchange process involved, Zn(II) ions may initially move either through the pores of the kaolinite mass or through channels in the crystal lattice. The second step in the process could involve the replacement of exchangeable ions in the lattice by Zn(II) ions. Such metal ions may also undergo diffusion through the adsorbent pores, although such diffusion would be limited by the inability of the ions to penetrate through smaller diameter channels. Under these circumstances, metal ion sorption would be mainly attributable to ion-exchange processes (Kubilay et al. 2007 ). It will be noted that the amount of Zn(II) ions adsorbed onto acid-activated and thermally-activated kaolinite was higher than onto the natural material. This could be attributed to the formation of smaller pores in the particles of the acid-activated solid so that its surface area was greater than that of natural kaolinite or thermally-activated kaolinite.
The effect of temperature on the adsorption of Zn(II) ions from an aqueous solution of 5 mg/ᐉ initial concentration onto the various kaolinite samples studied is depicted in Figure 4 . In all cases, the amount of Zn(II) ions adsorbed increased with temperature, indicating that the process was endothermic in nature. However, the adsorption efficiency of acid-activated kaolinite was greater than those of the thermally-activated and natural kaolinite samples, respectively. This is not unexpected since acid activation causes the formation of smaller pores in solid particles, resulting in a higher surface area. As demonstrated previously (Koyuncu et al. 2007) , both acid activation and thermal treatment led to an appreciable increase in the adsorption capacity of the adsorbents studied. The effect of the contact time on the adsorption of Zn(II) ions onto the kaolinite samples studied is illustrated in Figure 5 , where measurements were undertaken over a period of 5 min to 240 min. In all cases, a contact time of 120 min was sufficient to ensure that adsorption equilibrium had been attained. For this reason, in subsequent experiments, 120 min was chosen as the optimum contact time. The shapes of the curves depicted in Figure 5 may be explained as follows. During the initial stage in the process, a greater number of adsorption sites are available to the Zn(II) ions, enabling them to interact readily with the adsorbent and hence leading to a high adsorption rate. In addition, since the driving force for adsorption is the concentration gradient between the bulk solution and the solid-liquid interface, a higher adsorption rate is observed initially because the concentration gradient is higher during this time period. The slow adsorption rate observed during the later stages of the process may be attributed to the slower rate of diffusion of the solute into the interior of the adsorbent particles (Jiang et al. 2009 ). 
Adsorption isotherms
The Langmuir, Freundlich and D-R adsorption models were applied successively to the experimental data employing the relationships given in equations (3), (4) and (5) above. The application of the Langmuir model is depicted in Figure 6 , which shows that a plot of C e /q e versus C e led to a linear fit to the data obtained for all the samples studied. Equally, Figure 7 shows that the application of the Freundlich isotherm model in terms of a plot of log C e versus log q e also led to a linear fit of the experimental data. Finally, Figure 8 shows the plots of ln q e versus ε 2 derived from the application for the D-R isotherm model. The parameters derived from the application of these three isotherm models to the data for the adsorption of Zn(II) ions onto natural, thermally-activated and acid-activated kaolinite are listed in Table 2 for the three temperatures studied.
Adsorption of Zn(II) Ions onto Natural and Activated Kaolinites
From Table 2 , using the Langmuir isotherm model, the calculated adsorption capacity of thermally-activated kaolinite for Zn(II) ions at 298 K was 24.691 mg/g while that of the acidactivated kaolinite was 32.786 mg/g at the same temperature. These values increased with increasing temperature. It should be noted that some of the Langmuir parameters for natural kaolinite were negative. This may be associated with the electrostatic nature of the adsorption process. Although such negative values are not usually observed, they have been reported previously (Ozcan et al. 2004) . The listed values for n were determined from the Freundlich isotherm, being 0.6490 for natural kaolinite at 298 K and 1.5632 and 1.4828 for the thermallyactivated and acid-activated kaolinites, respectively. A value of n = 1 corresponds to linear adsorption, with equal adsorption energies for all the adsorption sites. Values of n between 2 and 10 indicate good adsorption, whereas n < 1 shows that the marginal adsorption energy decreases with increasing surface concentration (Koyuncu et al. 2007; Kubilay et al. 2007) .
Application of the D-R adsorption isotherm model gave adsorption energies of 0.358, 0.969 and 1.3457 kJ/mol, respectively, for natural, thermally-activated and acid-activated kaolinite at 298 K. Such values increased as the temperature at which adsorption occurred increased. The adsorption energy values provide information about the adsorption mechanism, i.e. whether it involves ion exchange or physical adsorption. Thus, if the value of the adsorption energy is between 8 kJ/mol and 16 kJ/mol, the adsorption process corresponds to ion exchange. Conversely, if the activation energy is less than 8 kJ/mol, the adsorption process is physical in nature. The adsorption energy values obtained in the present work were less than those expected for a typical ion-exchange process, thereby suggesting that the adsorption mechanism may be a combination of electrostatic interaction and physical sorption. At the start of the adsorption process (i.e. during 98 A.R. Kul and N. Caliskan/Adsorption Science & Technology Vol. 27 the formation of a monolayer), ion-exchange and van der Waals interactions are predominantly responsible for the process (Mrozik et al. 2008) .
Adsorption kinetics
The kinetic parameters for the adsorption of Zn(II) ions onto natural, thermally-activated and acidactivated kaolinite were determined by application of the pseudo-first-order model [equation (9)] and the pseudo-second-order model [equation (11)], respectively, to the experimental data. Such calculations were undertaken for initial Zn(II) solution concentrations of 5, 15 and 25 mg/ᐉ, respectively. Typical examples of the plots of ln(q e -q t ) versus t as required by the pseudo-first-order model are given in Figure 9 for the three samples of kaolinite studied. It will be seen that in all cases the plots were linear, allowing the values of k 1 and q e to be calculated from the corresponding slopes and intercepts of the plots. Similarly, Figure 10 shows the application of the pseudo-second-order model to the data as plots of t/q t versus t. Again, the plots were linear in all cases, allowing the values of k 2 and q e to be calculated from the corresponding slopes and intercepts. All the kinetic parameters obtained employing the pseudo-first-order and pseudo-second-order models are listed in Table 3 . It will be seen from the data recorded in this table that the values of q e calculated from the pseudo-first-order model did not accord with the corresponding experimental q e values. In addition, the magnitudes of the correlation coefficient (R 2 ) determined for this model were between 0.8914 and 0.9530. However, in contrast, application for the pseudo-second-order model led to similar experimental and calculated values for q e and also R 2 values which were within the range 0.8812-0.9993. This result indicates that the mechanism for the adsorption of Zn(II) ions onto natural and activated kaolinite is better explained in terms of the pseudo-second-order reaction model.
Thermodynamic parameters of adsorption
The magnitudes of the thermodynamic parameters [i.e. the Gibbs' free energy change (∆G 0 ), the enthalpy change (∆H 0 ) and the entropy change (∆S 0 )] obtained for the adsorption of Zn(II) ions onto the various adsorbents studied are listed in Table 4 . The values of ∆G 0 were calculated via equation (1) It will be seen from the data listed in the table that the ∆H 0 values for natural, thermallyactivated and acid-activated kaolinite were 30.396 kJ/mol, 14.006 kJ/mol and 17.507 kJ/mol, respectively. All these values were positive, thereby indicating that the adsorption process was endothermic in each case. Since these values were all less than 40 kJ/mol, it is reasonable to assume that the adsorption process was physical in nature. In addition, the ∆S 0 values were 0.099, 0.057 and 0.074 kJ/(mol K) for natural, thermally-activated and acid-activated kaolinite, respectively. These positive entropy values may be due to some structural changes in the adsorbate and adsorbents during adsorption from the aqueous phase. Such positive values indicate increasing randomness at the solid-liquid interface during the adsorption of Zn(II) ions onto the adsorbents concerned (Unuabonah et al. 2007) . 
